Laser-accelerated protons have a great potential for innovative experiments in radiation biology due to the ultra short pulse duration and high dose rate achievable. However, the broad angular divergence makes them not optimal for applications with stringent requirements on dose homogeneity and total flux at the irradiated target. The solutions often adopted to increase the homogeneity are to spread the beam with a flat filter or to increase the distance between the source and the irradiation plane. Such methods considerably reduce the proton flux, which limits the performance of laser-accelerated protons for such applications. In this paper we demonstrate the use of a Genetic Algorithm (GA) to design an optimal non-flat filter to shape the beam and find a better trade-off between these two parameters. The filter takes advantage of the presence of chromatic focusing elements to further mix trajectories. The effects of a flat filter and a GA-designed filter placed after the transport system are also reported. The general structure of the GA and its application to the shaping of a laser-accelerated proton beam are presented, as well as its application to the optimisation of dose distribution in a water target in air.
I. INTRODUCTION
The very short duration (∼ps) and the extremely high attainable dose rate (10 10 Gy/s in the pulse) of laser-accelerated proton beams open new axes of research in radiation biology, aiming at investigating the biological response of living cells to such extreme conditions [1] [2] [3] . Proton acceleration is driven by a high-intensity laser (TW-PW) that is focused typically on a thin foil. Several acceleration mechanisms can take place according to the different interaction regimes between the laser and the plasma [4] . In Target Normal Sheath Acceleration (TNSA) [5] high-energy electrons are produced when interacting with the laser field and propagate through the foil, forming an electron cloud on its rear side and setting a charge separation. The ultra-high electric field associated (TV/m) accelerates protons coming from hydrogen-rich impurities in a cone along the axis perpendicular to the foil surface. Such proton beams feature an exponential energy spectrum, with cut-off energies reaching several tens of MeV, and a large divergence around the propagation axis. TNSA-driven proton beams are not suitable for radiobiology experiments without a proper transport system allowing spectral and spatial shaping. Given the limited charge available in a laser-accelerated proton bunch, as many protons as possible should be concentrated on the biological sample, maintaining an acceptable level of dose homogeneity. Conventional techniques consist in guiding the beam through the use of transport and energy selection systems [6] [7] [8] [9] (quadrupoles and steering magnets) and spreading it with a flat filter placed before the sample, hence flattening the dose distribution over its surface. However, such method implies a decrease in average dose per pulse at the sample [10] , which is also a minimal requirement for radiobiology experiments and a critical aspect for laser-accelerated protons. In this paper we propose to use a Genetic Algorithm (GA) to design a filter of variable thicknesses to shape the beam and adapt it to the constraints on a target surface. GAs are heuristic computing techniques that have been developed to find the best or near-best solution to optimization problems where the parameters are numerous and a theoretical approach is not suitable. Their application area is wide and includes engineering [11] , traffic problems [12] , medical applications such as radiology, radiotherapy, oncology and surgery [13] . This type of algorithm makes use of an abstract version of the Darwinian laws of genetics: a population of possible solutions, which are called chromosomes, is recombined randomly and evolves from a generation to the next through an iterative process. A selection of the fittest solutions is operated at every iteration with the use of a fitness function, which is the function that needs to be optimized. The selected solutions are recombined randomly to give rise to a new generation of fittest solutions, which go again through a selection and recombination process. The loop is repeated until a certain stop criteria is met, for example when a good-enough solution is found or when a maximum number of iteration is reached. A detailed description of Genetic Algorithms, which is beyond the scope of this paper, can be found in McCall (2015) [14] . The optimisation of the filter design involves two steps. In a first step, Monte Carlo Geant4-based simulations are performed to simulate the beam transport, the interaction with filters and to retrieve data on the beam parameters at the filter and at the target. These simulations are needed to produce a base of elementary sources to be composed by the following optimisation problem. Secondly, a Genetic Algorithm is employed to combine the sources so as to optimise the design of the filter according to given requirements.
II. OPTIMISATION METHOD
A schematic drawing of the design process is shown in Fig.1 . The first step to optimise the filter design involves Monte Carlo simulations to reproduce the propagation of the beam through the transport system and in particular the interaction with a filter. The filter is composed by tiles of variable discrete thicknesses, whose effect on the beam is simulated. Before starting the design process, the values and number of thicknesses that will be used for the filter design need to be determined. The optimisation of these values is not in the scope of this paper. The choice depends on many factors, such as the energy spectrum of the beam and the computational burden. In fact, a number of Monte Carlo simulations equal to the number of available thicknesses needs to be performed to simulate the effect of each thickness on the beam profile at the target. More precisely, in each simulation a flat filter and a target are placed at a well-defined position. Two scorings divided in pixels are associated to the filter and to the target to obtain flux, dose and energy spectrum maps of the beam. The maps at the target are obtained separately for each group of particles crossing a different pixel of the filter, as shown in Fig.1 . In this way, the output at the target can be reconstructed for any composition of the available tiles, namely for any filter made up of different values of thickness in each pixel. In the second step, the maps obtained through Monte Carlo simulations are used to find the optimal configuration of the filter via a GA approach to meet the specifications required at the target. The GA starts with the creation of the first generation of hundreds of filters encoded as matrixes containing a random value of thickness in each pixel. The beam profiles at the target related to each filter are reconstructed using the maps obtained with Monte Carlo simulations. Such profiles are then evaluated through the use of a fitness function, which is the function that needs to be optimised and therefore the tool employed to reach the desired output. After the evaluation phase, the fittest filters are selected and go through the recombination phase. In this phase, couples of filters are randomly selected and undergo a recombination process in which a new filter is created by randomly mixing the pixels of the two mother filters. After this process, the previous population of filters is entirely replaced by the new one except for the best filter, which is always promoted to the next generation Input: so as to assure that the value of the fitness function either improves or stays the same. This new population is again evaluated, selected and recombined to create a fittest population of filters, the loop being repeated until the algorithm converges to a solution.
MONTE CARLO SIMULATIONS

III. APPLICATION TO LASER-ACCELERATED PROTON BEAM
The GA is applied to shape the laser-accelerated proton beam used at the Laboratoire d'Optique Appliquée to perform in vitro irradiation for radiobiology experiments [3] . The proton source has a TNSA-like energy spectrum with a cut-off at 7.5 MeV and a Gaussian angular divergence around the propagation axis that is a function of the energy, as shown in Fig.2a . The spectrum and the divergence are obtained using a radiochromic film stack placed 5 cm after the source. The beam is guided towards a Mylar window by a set of four quadrupoles to focus the spectral bandwidth around 5 MeV. The envelopes of different energetic components of the beam along the transport system are shown in Fig.2b . The beam transport and the interaction with matter are simulated using the G4beamline package [15] . It is a Monte Carlo particle-tracking program based on Geant4 [16] that has been specifically developed to simulate beamlines and transport systems. With respect to Geant4, additional collective computations such as space charge effect are implemented. The quadrupoles were simulated using field maps obtained experimentally [17, 18] and the proton source was reproduced using the energy spectrum and the energy dependent angular divergence shown in Fig.2 . The space charge effect in the beam was investigated and a negligible error is made on transport efficiency, energy-spectrum and dose distribution in a water target in air when neglecting the space charge. Therefore, G4beamline was used with no charge effect, which allowed to simulate more particles in a run. The results obtained with G4beamline were also compared with the results obtained using the Hadrontherapy Geant4-based tool [19, 20] . The two codes produce the same results in terms of beam shape, focused spectral bandwidth and transport efficiency. The simulated beam profiles at different positions along the transport system also showed good agreement with experimental measurements performed with radiochromic EBT3 films. Part of the G4beamline source code has been modified and adapted to retrieve data in the specific format needed for the GA input.
A. Beam shape optimisation in vacuum
The GA is used to design a filter to shape the beam flux profile over a 1 cm 2 target surface placed 10 cm after the last quadrupole in vacuum, so as to avoid any scattering effect in air and focus only on the effect of a filter. The profile of the beam at this position without any filter is shown in Fig.3 . The peaked profile is due to the Gaussian angular divergence around the propagation axis.Three configurations have been analysed: 
Filter placed before the fourth quadrupole 3. Filter placed after the fourth quadrupole
The results are also compared with the case of a simple flat filter placed after the fourth quadrupole. The three configurations and the beam shapes at the filter positions are shown in Fig.4 . The white rectangles represent the contour of the filter and the red circles represent the aperture of the quadrupole placed after it. The filter is a 10 × 18 mm 2 Mylar rectangle divided in 5x9 pixels. The choice of Mylar was motivated by its low density, which allows to use tiles of manageable thicknesses. The dimensions of the filter and its orientation were chosen so as to cover the beam profile in the three configurations. The choice of the number of pixels was motivated by considerations on the number of particles that need to Fig.3 ). The total flux at the surface is the same for all configurations (2.9% of the protons at the source).
be simulated in Monte Carlo simulations to retrieve input maps for the GA with accuracy. For each geometry shown in Fig.4 , G4beamline simulations using 5 × 10 7 particles were performed to simulate the effect of 11 filter thicknesses going from 1 to 100 µm on the flux distribution at the target surface. The GA was then used to optimise the design of the filter to obtain the best trade-off between flux homogeneity and total flux at the target. The homogeneity is expressed as the standard deviation (σ) of the 2D distribution. In this case, the fitness function that was minimised and used to select the filters during the iterations was the following:
The first term in brackets represents the difference between the standard deviation of the flux at the target with filter and without filter and the second term in brackets represents the difference between the total flux at the target with filter and without filter. The two coefficients a and b are used to set different relative weights to the parameters. To compare the four configurations, the coefficients were adjusted in each case so as to obtain the same total flux at the target surface. Fig.5 shows the optimised filter designs obtained with the GA for the three configurations and the corresponding flux at the target surface, as well as the flux obtained with a flat filter of 60 µm.
As expected, the GA-designed filter placed after the transport system allows a better tradeoff between the two parameters compared to a simple flat filter placed in the same position. This is due to the optimisation of the scattering effect over the transversal section of the beam obtained with the GA design: the beam is spread mainly at the centre and on the borders so as to flatten the profile in a more efficient way compared to a flat filter. A major improvement in homogeneity is obtained in the two first configurations, in which the filter is placed along the quadrupole system. In particular, the filter placed before the fourth quadrupole allows an increase of 42% in homogeneity compared to the flat filter configuration. This is explained by the fact that such a filter allows the shaping of the beam in two ways: it spreads the beam through scattering effect and it intermingles the trajectories in the following quadrupole by introducing different energy losses on the transversal section of the beam and taking advantage of the quadrupole chromaticity. To give an example, Fig.6 shows the effect of an energy loss of 0. Without any energy loss the trajectories do not overlap, while by introducing an energy loss the trajectories are mixed and the profile is modified.
B. 2D dose optimisation for in vitro irradiaton
This work was motivated by the need of new solutions to reduce the error due to dose inhomogeneity on an in-vitro biological target to approach the constraints required in radiation biology [21, 22] , while keeping at the same time an acceptable value of average dose per shot. The GA was therefore used to optimise the dose distribution on a biological sample, simulated as 10 µm thick water target with a 10 × 10 mm 2 square surface placed 5 cm after the Mylar window in air (represented by Target2 in Fig.4) . The dose distribution in the sample without any filter is shown in Fig.7 , where the dose is expressed in Gy per 1 nC charge at the source, which was the measured charge during experiments [3] . An average dose of 0.96 Gy/nC is delivered in the sample with an error of 77%, which is not suitable for radiobiology experiments. The GA was used to optimise the filter design in the 3 configurations already discussed. The fitness function used in this case was the following:
The first term in brackets represents the difference between the standard deviation of the 2D dose distribution in the sample with filter and without filter and the second term in brackets represents the difference between the average dose in the sample with filter and without filter. Also in this case, we found that a non-flat filter placed before the fourth quadrupole allows the best trade-off between average dose and dose homogeneity in the sample. In Fig.8a we compare the dose homogeneity obtained using flat filters of increasing thicknesses placed after the fourth quadrupole with the homogeneity obtained using GAdesigned filters placed before the fourth quadrupole allowing the same delivered dose. A 20-40 % improvement in dose homogeneity is obtained with a genetic approach. Fig.8b shows the filter design in the third case listed in the table and a comparison between the corresponding dose distribution and the dose distribution obtained with the 70 µm flat filter. With such non-flat filter and considering a maximum laser repetition rate of 1 Hz, an average dose of 15.6 Gy/min can be delivered with an error lower than 5%, which is a suitable irradiation condition for radiobiology experiments.
IV. CONCLUSIONS
This work reports on a shaping strategy for laser-accelerated proton beams to be used in radiation biology applications. In particular, we demonstrated the use of a Genetic Algorithm assisted approach to design a non-flat filter optimally shaping the beam profile. The algorithm can be set to adapt the beam profile to several constraints on a target and is applicable to any particle source or beamline. We showed its application to the 7.5 MeV laser-accelerated proton beam used at Laboratoire d'Optique Appliquée with the aim of optimizing the dose distribution for in vitro irradiations. Among different studied configurations we found that a filter placed inside the quadrupole transport system is more efficient than a filter placed after it, allowing a better trade-off between dose homogeneity and average dose at the sample. This is explained by the fact that such a filter flattens the beam profile not only through scattering but also by taking advantage of the quadrupole chromaticity to intermingle the proton trajectories. We showed that such a filter allows a 20-40% increase in dose homogeneity at the sample compared to the results obtained by employing a flat filter that uniformly spreads the beam. Such improvement is expected to be even greater for higher energy proton beams, for which the scattering in air and in other materials would be negligible. Moreover, our approach can be further extended to improve other parameters such as spectrum or effective LET homogeneity for thicker targets irradiation.
The filters designed in this study are composed by tiles of discrete thicknesses of Mylar. They can be realized by superposition of 10 µm layers, which are easily manageable, or by laser ablation. Also, the realization of such filters to shape higher energy proton beams would be easier thanks to the thicker tiles necessary. In view of experimental applications, the filter sensitivity to variations of beam pointing and source position was also verified. For typical experimental variations, namely ∼5 mrad change in pointing and ∼10 µm change in source position, simulations showed no effect on the beam profile at the target for the same filter shape. In fact, such variations are negligible compared to the divergence of the beam and to the dimensions of the filter pixels.
